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Background: The physiological importance of mitophagy in yeast has been largely unexplored.
Results: Mitochondrial DNA deletion frequently occurs in mitophagy-deficient cells during nitrogen starvation because of
overproduction of the reactive oxygen species from unregulated mitochondria.
Conclusion:Mitophagy prevents excess reactive oxygen species production and mitochondrial DNA mutation.
Significance:Our findings provide insight into mitophagy-related disorders such as Parkinson disease.

Inmammalian cells, the autophagy-dependent degradationof
mitochondria (mitophagy) is thought to maintain mitochon-
drial quality by eliminating damaged mitochondria. However,
the physiological importance of mitophagy has not been clari-
fied in yeast. Here, we investigated the physiological role of
mitophagy in yeast using mitophagy-deficient atg32- or atg11-
knock-out cells. When wild-type yeast cells in respiratory
growth encounter nitrogen starvation, mitophagy is initiated,
excess mitochondria are degraded, and reactive oxygen species
(ROS) production frommitochondria is suppressed; as a result,
the mitochondria escape oxidative damage. On the other hand,
in nitrogen-starved mitophagy-deficient yeast, excess mito-
chondria are not degraded and the undegraded mitochondria
spontaneously age and produce surplus ROS. The surplus ROS
damage the mitochondria themselves and the damaged mito-
chondria produce more ROS in a vicious circle, ultimately lead-
ing to mitochondrial DNA deletion and the so-called “petite-
mutant” phenotype. Cells strictly regulate mitochondrial
quantity and quality becausemitochondria produce both neces-
sary energy and harmful ROS. Mitophagy contributes to this
process by eliminating themitochondria to a basal level to fulfill
cellular energy requirements and preventing excess ROS
production.

Autophagy is a protein degradation process that involves the
formation of a double-membrane compartment, termed the

autophagosome, which engulfs cytoplasmic components non-
selectively and fuses with the lysosome/vacuole for degradation
(1). This is important for various physiological processes such
as cell survival under starvation, intracellular clearance, devel-
opment, the immune response, and aging (2).
Recent studies have revealed that autophagy can degrade

mitochondria selectively. This autophagic mitochondrial deg-
radation is called mitophagy (3, 4). Recently, the mitochondrial
proteinAtg32, which is specifically required formitophagy, was
identified in yeast, and studies of Atg32 have revealed the
molecular processes of mitochondrial selection by the
autophagic machineries (5–9). In brief, when mitophagy is ini-
tiated, the mitochondrial outer-membrane protein Atg32 is
recognized and bound by the cytosolic adaptor protein Atg11.
Atg11 recruits the mitochondria to the pre-autophagosomal
structure/phagophore assembly site where the phagophores,
the initial sequestering membrane structures, are generated to
uptake and degrade mitochondria (10, 11). Although this
molecular mechanism is known, the physiological importance
of mitophagy in yeast has been largely unexplored.
It is believed thatmitophagy inmammalian cells functions in

mitochondrial quality control. Loss-of-function mutations in
thePARK2 andPARK6 genes, which encode Parkin and PINK1,
respectively, cause Parkinson disease. Recent studies have
linked Parkin and PINK1 to mitophagy (12–14). Cytosolically
synthesized PINK1 can target and stably localize on damaged
mitochondria, andmitochondrial PINK1 translocates the cyto-
solic E3 ubiquitin ligase Parkin to the mitochondria (15–19).
Finally, the damagedmitochondria are degraded by Parkin-me-
diated mitophagy, although the details of this process have not
been revealed. These findings imply that PINK1/Parkin-medi-
ated mitophagy plays a very important role in the quality con-
trol ofmitochondria, eliminating damagedmitochondria selec-
tively, and that dysfunction of this mitophagic process causes
Parkinson disease (12–14).
The importance of mitophagy in mammalian cells suggests

that mitophagy also plays an important physiological role in
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yeast. Accordingly, we examined the phenotypes associated
with mitophagy-deficient atg32� and atg11� cells and found
that mitochondrial DNA (mtDNA)2 deletion frequently occurs
in mitophagy-deficient cells during nitrogen starvation, espe-
cially if the cells are in respiratory growth before starvation.
Further analysis revealed that when wild-type cells encounter
nitrogen starvation, they initiate mitophagy and quickly elimi-
nate mitochondria that have proliferated during respiratory
growth. As a result, cellular reactive oxygen species (ROS) pro-
duction, which occurs mainly in mitochondria, is suppressed.
On the other hand, in mitophagy-deficient cells, undegraded
mitochondria produce excess ROS during nitrogen starvation.
ROS damage mitochondria and damaged mitochondria pro-
duce more ROS, and finally, overproduced ROS cause mtDNA
deletion. Ultimately, cells with mtDNA deletion generate small
colonies even on fermentable medium, and this phenotype is
called “petite” (20). From these findings, we conclude that
mitophagy prevents mtDNA deletion by eliminating ROS-pro-
ducing mitochondria during nitrogen starvation.

EXPERIMENTAL PROCEDURES

Strains, Culture Media, and Antibodies—The yeast strains
used in this study are listed in Table 1. Yeast cells were grown in
rich medium (YPD; 1% yeast extract, 2% peptone, 2% glucose),
lactatemedium (YPL; 1% yeast extract, 2% peptone, 2% lactate),
or ethanol glycerol medium (YPEG; 1% yeast extract, 2% pep-
tone, 3% ethanol, 3% glycerol). Nitrogen starvation experi-
ments were performed in synthetic minimal medium lacking
nitrogen (SD-N; 0.17% yeast nitrogen base without amino acids
and ammonium sulfate, 2% glucose). Anti-Cox2 antibodies
(Invitrogen), anti-Por1 antibodies (Invitrogen), and anti-Pgk1
antibodies (Nordic Immunological Laboratories, Eindhoven,
The Netherlands) were used for immunoblotting.
Assessment of Viability byColony FormationAssay—The cel-

lular viability assay was performed as described previously with
some modifications (21). Briefly, cells grown in YPD or YPL to
mid-log phase were washed twice with water and cultured in
SD-N. On the indicated days, the cells contained in 0.02 �l of
SD-N were inoculated onto YPD plates. After 2 days, the num-
ber and size of the resulting colonies were measured.
Measurement of ROS—Cells were incubated in staining

buffer (10�M dihydroethidium (DHE), 100mMHEPES, pH 7.5,
5% glucose) for 10 min at room temperature and then loaded

onto a flow cytometer (BD Biosciences) to observe the oxidized
DHE fluorescence. To detect protein oxidization, we used an
OxyBlotTM Protein Oxidation Detection kit (Millipore, Bil-
lerica, MA) according to the manufacturer’s instructions.
Southern Blotting—Cells were cultured in YPD medium to

mid-log phase, and whole cell DNA was extracted by standard
methods. Five milligrams of whole cell DNA was digested with
BamHI (Takara, Kyoto, Japan) or ScaI (Takara), separated on a
0.8% agarose gel, and transferred onto Hybond-N� nylon
membrane (GE Healthcare). The COX1 and COB coding
regions were amplified by PCR using primers 5�-GGTATG-
GCAGGAACAGCAAT-3� and 5�-ACAGCCCTCCAAATGT-
CAAC-3� for COX1, and 5�-ATGATTGGCCGGTTTA-
ATTG-3� and 5�-TATGGGAGTTCCCACAAAGC-3� for
COB. The PCR products were labeled with alkaline phospha-
tase using AlkPhos Direct Labeling reagents (GE Healthcare)
and used as probes on the blots. The signals were detected with
CDP-star (GE Healthcare), according to the manufacturer’s
instructions.

RESULTS

Mitophagy-deficient Cells Generate Small Colonies—We
have previously examined cell viability during nitrogen starva-
tion in atg32� cells, and found that both wild-type and atg32�
cells grew to a similar level (7). In our previous experiment, we
pre-cultured cells in a fermentable carbon source-containing
medium (YPD: yeast extract, peptone, and dextrose) before
nitrogen starvation. We speculated that more drastic condi-
tionsmight be required to elucidate a phenotype inmitophagy-
deficient cells. Here, we pre-cultured cells in a nonfermentable
carbon source-containing medium (YPL: yeast extract, pep-
tone, and lactate) in which mitochondria proliferate for respi-
ratory growth, and then shifted the cells to nitrogen starvation
medium (SD-N) and observed the cell viability according to the
duration of nitrogen starvation. Contrary to our expectations,
both the wild-type (SEY6210) and mitophagy-deficient atg32�
and atg11� cells survived at similar levels during nitrogen star-
vation, whereas macroautophagy-deficient atg1� cells became
almost nonviable after 12 days of nitrogen starvation (supple-
mental Fig. S1A). During this experiment, we found that
mitophagy-deficient cells tended to form smaller colonies than
wild-type cells when inoculated onto a YPD plate after nitrogen
starvation. For example, after 5 days of nitrogen starvation,
almost all the wild-type cells formed uniformly normal-sized
colonies on a YPD plate, whereas atg32� and atg11� cells also
formed relatively small colonies (hereafter we call the normal-
sized colonies “large colonies” to distinguish them from the

2 The abbreviations used are: mtDNA, mitochondrial DNA; DHE, dihydro-
ethidium; ROS, reactive oxygen species; SD-N, synthetic minimal medium
lacking nitrogen; YPD, yeast extract, peptone, glucose; YPEG, yeast extract,
peptone, ethanol, glycerol; YPL, yeast extract, peptone, lactate.

TABLE 1
Yeast strains used in this study

Strain Genotype Source

SEY6210 MAT� his3-�200 leu2–3,112 lys2–801 29
trp1-�901 ura3–52 suc2-�9 GAL

TKYM139 SEY6210 atg32�::LEU2 This study
WHY1 SEY6210 atg1�::HIS5 s.p. 30
YTS147 SEY6210 atg11�::LEU2 8
BY4742 MAT� his3�1 leu2�0 lys2�0 ura3�0 Open Biosystems, Huntsville, AL
BYATG1 BY4742 atg1�::KAN Open Biosystems
BYATG11 BY4742 atg11�::KAN Open Biosystems
BYATG32 BY4742 atg32�::KAN Open Biosystems
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small colonies) (Fig. 1A). As a control, we cultured wild-type,
atg32�, and atg11� cells without starvation for 5 days and then
inoculated the cells onto YPD plates. Both wild-type and
mitophagy-deficient cells barely formed small colonies (wild-
type, 1.88� 0.62%; atg32�, 2.12� 1.19%; atg11�, 1.63� 0.50%;
supplemental Fig. S1B). We pre-cultured wild-type, atg32�,
and atg11� cells in YPLmediumand then shifted them to SD-N
for up to 20 days, then inoculated the cells onto YPD plates and
observed the proportion of small colonies, defined as thosewith
a diameter less than 50% of that of a typical large colony. As
shown in Fig. 1B, the proportion of small colonieswas�40% for
both atg32� and atg11� cells after 6 days of nitrogen starvation,
and the proportion was further increased with a longer dura-
tion of nitrogen starvation. In contrast, in wild-type cells, the
proportion of small colonies was less than 5% even after 10 days
of nitrogen starvation, and it increased up to�20%after 20 days
of nitrogen starvation.
To confirm the phenotype observed above, we repeated the

same experiment using a different background strain (BY4742).
Surprisingly, evenwild-type cells almost lost their viability after
14 days of nitrogen starvation (supplemental Fig. S2A).
Mitophagy-deficient atg32� and atg11� cells lost their viability
earlier than wild-type cells did, but the difference was not sig-
nificant (supplemental Fig. S2A). As for SEY6210 cells, atg32�
and atg11� cells of BY4742 tended to form small colonies on
YPD plates after nitrogen starvation, with the frequency
depending on the duration of starvation (supplemental Fig. S2,
B and C). Because cells that formed small colonies generated

small colonies again when they were inoculated onto new YPD
plates, we speculated that inheritable damage, such as genomic
DNA or mtDNA mutation, might have occurred in these cells.
mtDNA Deletion in Mitophagy-deficient Yeast Cells—We

presumed that amitochondrial defect was themost likely cause
of small colony generation. To test this, we reinoculated both
large and small colonies derived from wild-type, atg32�, and
atg11� strains onto YPL andYPEG (yeast extract, peptone, eth-
anol, and glycerol) plates, on which mitochondria-dependent
respiration is essential for cellular growth. Although all cells
from large colonies could grow on YPL and YPEG plates, cells
from small colonies could not growonYPL or YPEGplates (Fig.
2A), suggesting that the latter cells have amitochondrial defect.
To examine the mitochondrial defect further, we investigated
the expression levels of mitochondrial proteins in large and
small colony-forming cells. Surprisingly, cells forming small
colonies did not express any of themtDNA-encodedmitochon-
drial inner membrane protein Cox2, whereas cells forming
either large or small colonies expressed the nuclear genome-
encodedmitochondrial outermembrane protein Por1 to a sim-
ilar extent (Fig. 2B). This finding suggested that there was a
defect in intramitochondrial transcription or translation, or the
mtDNA itself in the cells that formed small colonies. We then
examined the mtDNA by Southern blotting. Whole cell DNA
prepared from cells forming either small or large colonies was
digested with BamHI or ScaI, Southern blotted, and probed
with mtDNA-derived probes: the COX1 or COB coding
regions. For all large colony-forming cells, we detected bands of

FIGURE 1. Mitophagy-deficient cells generate small colonies after nitrogen starvation. A, wild-type (WT), atg32�, and atg11� cells were pre-cultured in
YPL to mid-log phase and then shifted to SD-N for 5 days. Cells were inoculated onto YPD plates and the size of colonies formed was observed (typical small and
large colonies are indicated by arrowheads and arrows, respectively). B, WT, atg32�, and atg11� cells were precultured in YPL to mid-log phase and then shifted
to SD-N. After the indicated number of days of nitrogen starvation, cells were inoculated onto YPD plates and the proportion of small colonies formed was
observed (more than 80 colonies were measured for each experiment). The values represent the mean � S.D. of three experiments. *, p � 0.001 by paired t test.
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the expected size for both the COX1 and COB probes (Fig. 2C,
lanes 1–6 and 16–21). On the other hand, for small colony-
forming cells, atg32� or atg11�, we identified several patterns
of results, suggesting that mtDNA deletion had occurred in
these cells. In some cells, we could not detect any bands for the

COX1 or the COB probe (Fig. 2C, lanes 7–9, 22, and 23), sug-
gesting that both COX1- and COB-encoding mtDNA regions
were deleted, or the whole mtDNA genome was lost in these
cells. In other cells, we could not detect any bands using the
COX1 probe, whereas the COB probe generated a band of the

FIGURE 2. Mitochondrial DNA deletion occurs in mitophagy-deficient strains during nitrogen starvation. A, large and small colonies formed after 10 days
of starvation were inoculated onto YPD, YPL, and YPEG plates and grown for 2–3 days at 30 °C. atg32� and atg11� small colony-derived cells only were unable
to grow on YPL or YPEG. B, large and small colonies formed after 6 or 10 days starvation were cultured in YPD to mid-log phase (lanes 1–5 and 8 –11, 6 days in
SD-N; lanes 6, 7, 12, and 13, 10 days in SD-N). Cell lysates were immunoblotted with anti-Cox2, anti-Por1, and anti-Pgk1 (loading control) antibodies. atg32� and
atg11� small colony-derived cells only did not produce the mitochondrially encoded protein Cox2. C, large and small colonies formed after 5 or 6 days
starvation were cultured in YPD to mid-log phase. Whole cell DNA was digested by BamHI or ScaI and analyzed by Southern blotting with COX1 and COB mtDNA
probes. The atg32� and atg11� small colonies showed absent or aberrant COX1 and/or COB bands. WT, wild-type.
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expected size (Fig. 2C, lanes 10–12, 24, and 25), suggesting that
at least the COX1 region of the mtDNA genome was deleted in
these cells. In addition, there were several atypical cases. In the
cells shown in Fig. 2C, lane 14, we observed a smaller than
expected band for the COX1 probe on BamHI-digested DNA
and no bands on ScaI-digested DNA; similarly we observed no
bands for the COB probe on BamHI-digested DNA. In the cells
shown in Fig. 2C, lanes 15 and 27, we observed a larger than
expected band for the COB probe in addition to the expected
size band. Finally, in the cells shown in Fig. 2C, lanes 13 and 26,
we observed the expected size bands for both the COX1 and
COB probes when DNA was digested with BamHI, but the sig-
nals were very weak compared with those of the other samples,
even though we used the same amount of DNA for each (sup-
plemental Fig. S3A). These findings suggest that mtDNA dele-
tion frequently occurs in mitophagy-deficient cells during
nitrogen starvation. Next, we observed mtDNA in wild-type
cells after 20 days starvation. All large colony-forming cells
expressed Cox2 protein and had intact mtDNA, whereas small
colony-forming cells, which comprised fewer than 20% of all
colonies, did not express the Cox2 protein and had deleted
mtDNA (supplemental Fig. S3, B and C). From these findings,
we concluded thatmtDNAdeletion occurs to some degree dur-
ing starvation even in wild-type cells; however, it is augmented
in mitophagy-deficient cells.
Reactive Oxygen Species Cause mtDNA Deletion—We

hypothesized that, inmitophagy-deficient cells during nitrogen
starvation, ROS would be overproduced, and that excess ROS
would cause mtDNA deletion. To investigate this, we observed
cellular ROS during nitrogen starvation by staining cells with
the superoxide indicatorDHE, detecting oxidizedDHE fluores-
cence by flow cytometry. Cellular ROS production was the
same in wild-type, atg32�, and atg11� cells before nitrogen
starvation (Fig. 3A, 0 days). As we expected, cellular ROS pro-
duction gradually increased in atg32� and atg11� cells com-
pared with wild-type cells, depending on the duration of nitro-
gen starvation (Fig. 3A and supplemental Fig. S4, A and B). We
further examined cellular ROSproduction by observing protein
oxidation in mitophagy-deficient cells during nitrogen starva-
tion using an OxyBlot protein oxidation detection assay. Con-
sistent with flow cytometry results, the levels of oxidized pro-
tein increased dramatically in atg32� and atg11� cells after
nitrogen starvation, compared with wild-type cells (Fig. 3B).
If the overproduction of ROS in mitophagy-deficient cells

was the direct cause of mtDNA damage and small colony for-
mation, elimination of the cellular ROS may rescue the pheno-
type. To examine this possibility, we cultured cells with the
ROS scavenger N-acetylcysteine and observed the size of colo-
nies generated after nitrogen starvation. As shown in Fig. 3C
and supplemental Fig. S5, addition ofN-acetylcysteine dramat-
ically decreased the proportion of small colonies after nitrogen
starvation in mitophagy-deficient atg32� and atg11� cells,
whereas it showed no effect in wild-type cells. From these find-
ings, we confirmed that ROS, which are overproduced in
mitophagy-deficient cells, damaged the mtDNA and caused
mtDNA deletion during nitrogen starvation, causing the cells
to generate small colonies on YPD plates.

Mitochondria are the major source of cellular ROS. It is
highly possible that mitochondria that are not degraded by
mitophagy are the source of the excess ROS in mitophagy-de-
ficient cells. Thus, we investigated the cellular number of mito-
chondria using Por1 and Cox2 as mitochondrial markers. In
wild-type cells, the Por1 signal quickly decreased and the Cox2
signal gradually decreased as a result of mitophagy upon nitro-
gen starvation, whereas in mitophagy-deficient atg32� and
atg11� cells, both Por1 and Cox2 expression was barely
affected by nitrogen starvation (Fig. 3D). This finding is consist-
ent with our hypothesis regarding cellular ROS production: in
wild-type cells, ROS production slightly decreased following
the degradation of mitochondria during nitrogen starvation
(supplemental Fig. S4B), whereas in atg32� cells, ROS produc-
tion gradually increased during nitrogen starvation (supple-
mental Fig. S4B), presumably because the undegraded mito-
chondria became old and damaged and produced more ROS.
We concluded that wild-type cells quickly degrade excessmito-
chondria by mitophagy during nitrogen starvation, preventing
overproduction of ROS and subsequent mtDNA mutation,
whereas in mitophagy-deficient cells that cannot degrade
excess mitochondria, ROS produced from undegraded mito-
chondria cause mtDNA mutation during nitrogen starvation.
In the studies described above, we pre-cultured cells in YPL

to proliferate the mitochondria before shifting to the nitrogen-
starvation state. If the cells were pre-cultured in YPD, the small
colony phenotype might be inhibited in mitophagy-deficient
cells during nitrogen starvation, because the number of ROS
producing mitochondria is smaller when cells are cultured in
YPD compared with in YPL. To test this, we pre-cultured
atg32� cells in either YPD or YPL, and observed the proportion
of small colonies formed on YPD plates after nitrogen starva-
tion. As expected, the proportion of small colonies was dramat-
ically decreased in atg32� cells after nitrogen starvation when
the cells were precultured in YPD compared with those precul-
tured in YPL (22 and 39% at 6 days, 35 and 75% at 10 days of
starvation, when precultured in YPD andYPL, respectively; Fig.
3E). This supports our notion that the ROS produced by unde-
gradedmitochondria during nitrogen starvation causemtDNA
mutation in mitophagy-deficient cells.

DISCUSSION

Although the presence of mitochondria in lysosomes or vac-
uoles was first reported in 1957 in mammalian cells (22) and in
1992 in yeast (23), the physiological relevance of mitochondrial
degradation by autophagy has been unclear. Very recently, in
mammalian cells, several studies have suggested that PINK1/
parkin-dependent mitophagy selectively degrades depolarized
mitochondria (12, 18, 19), implying thatmitophagy contributes
to mitochondrial quality control. On the other hand, very little
is known about the physiological importance of mitophagy in
yeast. When we identified the mitophagy-specific gene ATG32
in yeast, we tried to identify the physiological role of mitophagy
using atg32� cells; we could not, however, identify any pheno-
types associated with these cells (7). In this study, we have now
identified the physiological relevance of mitophagy in yeast.
When yeast cells in respiratory growth encounter nitrogen star-
vation, the cells initiate mitophagy, degrade excess mitochon-
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dria, and suppress ROS production from mitochondria, and as
a result, the cells escape the severe oxidative damage that causes
mtDNA deletion. This process is very important for yeast in
nature, because the cells frequently shift their metabolism
between fermentation and respiration and are always at risk of
starvation.
Our current scheme based on this study is summarized in

Fig. 4.When yeast cells grow in glucose-rich conditions, such as
on the surface of grapes, they preferentially ferment glucose
and release ethanol. When cells absorb glucose, they switch
their metabolism from fermentation to respiration, the aerobic
usage of ethanol. This conversion (called the diauxic shift) is
frequently observed in nature. During the diauxic shift, mito-

chondria proliferate to increase cellular respiration. If the cells
then encounter starvation stress, for example, if the nutrients
are washed away by rain, mitophagy is initiated and the cells
minimize the number of mitochondria to a basal level to fulfill
cellular energy requirements, thus suppressing the production
of unwanted ROS and mitochondrial damage.
It has been recently reported that bulk autophagy-deficient

cells accumulate high levels of ROS and that these ROS cause
the loss of mtDNA during nitrogen starvation (24). Although
these phenotypes of bulk autophagy-deficient cells are similar
to those of mitophagy-deficient cells, the process of ROS accu-
mulation is totally different. In bulk autophagy-deficient cells,
cellular ROS accumulate during nitrogen starvation because

FIGURE 3. ROS in mitophagy-deficient cells cause mtDNA deletion during nitrogen starvation. A, wild-type (WT), atg32�, and atg11� cells were precul-
tured in YPL to mid-log phase and then shifted to SD-N. After the indicated number of days of nitrogen starvation, cells were incubated with the superoxide
indicator DHE, and oxidized DHE fluorescence was observed using flow cytometry. B, wild-type, atg32�, and atg11� cells were precultured in YPL to mid-log
phase and then shifted to SD-N. After the indicated number of days of nitrogen starvation, oxidized proteins were observed by OxyBlot assay. C, WT, atg32�,
and atg11� cells were precultured in YPL to mid-log phase and then shifted to SD-N containing 1 mM of the ROS scavenger N-acetylcysteine (NAC) or dimethyl
sulfoxide (control). After the indicated number of days of nitrogen starvation, cells were inoculated onto YPD plates and the proportion of small colonies
formed on YPD plates was calculated (more than 80 colonies were measured for each experiment). The values represent the mean � S.D. of three experiments.
D, WT, atg32�, and atg11� cells were precultured in YPL to mid-log phase and then shifted to SD-N. Cells were collected after the indicated number of days of
nitrogen starvation and cell lysates were immunoblotted with anti-Cox2, anti-Por1, and anti-Pgk1 (loading control) antibodies. E, WT and atg32� cells were
precultured in YPD or YPL to mid-log phase and then shifted to SD-N. After the indicated number of days of nitrogen starvation, cells were inoculated onto YPD
plates and the proportion of small colonies formed was calculated (more than 80 colonies were measured for each experiment). The values represent the mean
� S.D. of three experiments. ***, p � 0.001; **, p � 0.005; *, p � 0.01 by paired t test.
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the cellular amino acid pool is reduced and the expression of
mitochondrial respiratory proteins and the ROS scavenger pro-
teins is suppressed (24). Moreover, the level of ROS accumu-
lated in bulk autophagy-deficient cells during nitrogen starva-
tion wasmuch higher than that inmitophagy-deficient or wild-
type cells (data not shown).
It is believed thatmitophagy inmammalian cells functions in

mitochondrial quality control. There are, however, limited
experimental data showing the physiological importance of
mitophagy for quality control of mitochondria in mammalian
cells, except for PINK1/Parkin-dependentmitophagy.One rea-
son for this is that mitophagy-specific genes such as ATG32 in
yeast have not been identified in mammals. Furthermore,
although it is clear that PINK1/Parkin-dependent mitophagy,
especially when Parkin is overexpressed, eliminates dysfunc-
tional mitochondria in cultured cells, the physiological pheno-
types of mitophagy deficient (Parkin knock-out mice or Parkin
knockdown cells, for example) have been poorly characterized
(25–28). In this article, we clearly demonstrate the physiologi-
cal importance ofmitophagy tomaintainmitochondrial quality
in yeast. Because mitophagy is conserved from yeast to mam-
mals, the fundamental processes and roles of mitophagy are
expected to be similar between yeast and mammals, although
they may be highly diverse among mammalian cells. Further
studies are required to elucidate the details of these processes in
mammals, and to assess their impact on human diseases such as
Parkinson disease.
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